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The surface tension and solubilizations of a number of 
surfactant solutions were measured in the hope of gaining 
additional understanding of the structure of micelles. A 
number of compounds were added to micellar solutions of 
tetradecyltrimethylammonium bromide. These additives had 
structural characteristics that were similar to the 
structure of the cationic head group of the surfactant 
monomers. The additives were the quaternary ammonium 
halides; tetramethylammonium bromide, tetraethylammonium 
bromide, and tetrapropylammonium bromide, and the 
zwitterionic compounds; glycine, sarcosine, N,N, dimethyl 
glycine, and betaine. This project was initiated to 
ascrtain whether these particular additives would actually 
enter the micelles and by so doing, alter the properties of 
the micellar solutions. The solubilizing powers and 
surface tensions of the solutions were measured in order to 
test this hypothesis.
An isopiestic procedure was designed so that direct 
surface tension measurements could be taken. A 
pychnometric method was also developed to measure the 
concentrations of the surfactant solutions.
ix
Benzene was chosen as the solubilizate for the 
solubilization experiments. The spectra of benzene in all 
of the micellar solutions was determined. The
concentration of micellar, or solubilized, benzene was 
calculated by subtracting the concentration of benzene in 
the aqueous phase.
Solutions which had the same concentrations of 
tetraalkylammonium halide or sodium bromide had virtually 
identical surface tensions. The solubilizing powers of the 
tetraalkylammonium halide solutions were essentially the 
same as that of the sodium bromide surfactant solutions. 
The solubilizing power of the sodium bromide solutions was 
somewhat higher than that of the quaternary ammonium 
halide solutions. The surface activity of the quaternary 
ammonium halides could most probably be attributed to the 
salt effect when they were introduced into the micellar 




INTRODUCTION AND SURVEY OF THE LITERATURE
Detergent solutions are characterized by a set of 
properties which determine, directly or indirectly, the 
cleansing ability of a particular solution. These
solutions exhibit, among other characteristics, a lower
osmotic activity than that predicted when one assumes that 
the detergent molecules in the solution are monomeric.
Benjamin Franklin1 made the first attempt to 
rationalize the behavior of these unusual species. It was 
well known in his day, that covering strong seas with oil 
indeed calm them. He poured a teaspoonful of vegetable oil 
onto Clapham Pond on a windy London day. The oil, as 
expected, made the surface of the pond very smooth.
Franklin noted that the teaspoon of oil spread over the
entire pond which had an area that he estimated (in modern 
units) to be approximately 2000 m2. He attempted to find a
1
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units) to be approximately 2000 m2 . He attempted to find a 
molecular rationale. He recognized that there must be a 
repulsion between the oil and the water, otherwise the Oil 
would have dissolved in the water, in 1774, unfortunately, 
molecules were thought to be ultimate particules that had 
uniform properties. Hindered by these prevailing notions, 
he could not foresee that the oil molecules might possess 
two dissimilar ends, one of which was attracted to the 
water and the other of which was repelled by the water. We 
know today2 that 2000 m2 corresponds to the area of a 
closely packed unimolecular film, a film in Tanford's 
words,2
in which each individual molecule 
satisfies the dual thermodynamic drives of 
its amphiphilic nature by having its 
hydrophilic part in the water, and its 
hydrophobic part sticking out of the 
water. The close packing assures that the 
hydrocarbon chains are still in close 
contact, as required by the van der Walls 
attraction between them.
By the turn of the present century, properties of soap 
solutions were being measured by means of many techniques, 
among which were osmometry and electrical conductance. The 
experiments led to more questions than answers. The 
history of surfactant research continues, to this day, to 
record many questions and few answers.
3
A. The Theory of Micellar Structure.
McBain,3 in 1914, hypothesized that fatty soap ions, 
those which are composed of an "ionic head" attached to a 
long parafinic "tail", aggregate in solution. These 
aggregates, which were called micelles, provided a 
successful model for explaining both the low osmotic 
pressure and the unusual electrical conductivity of the 
surfactant solution. These solutions act as normal 
electrolytes below a well defined concentration. Above 
this concentration, however, the previously mentioned 
changes in the solution properties occur. McBain assumed 
that the micelles exist only above this concentration, a 
concentration that soon became known as the critical 
micelle concentration (or cmc). When McBain4 proposed this 
idea at a Royal Society Meeting, the conference chairman 
succinctly responded, "Nonsense, McBain". McBain's idea 
prevailed, and today there is general agreement that 
micelles exist and that they exist in a structure in which 
the hydrocarbon chains of the molecules in the micelles 
orient themselves in a more or less regular manner that 
keeps the hydrocarbon part away from the water. The ionic 
head would then be in contact with the water. The 
surfactant molecules possess both hydrophilic and 
hydrophobic parts. It should be emphasized that micellar 
behavior is not restricted to aqueous solutions. The
4
general terms for these entities in any solution are 
lyophilic and lyophobic.
It must be strongly emphasized, however, that 
agreement ceases at this point. In the ensuing seven 
decades many counter proposals about the nature of the 
micellar structure have been presented.
McBainJ first suggested the existance of two micellar 
structures that could coexist in solution. He described 
one species as4 "a double leaflet of soap molecules placed 
end to end and side by side," whereas the other species was 
thought to be a small hydrated sphere.
In 1936, Hartley5 proposed that only the small 
spherical species was feasible. This model continues to be 
the most popular one. Menger,8 in the spirit of the long 
continuing controversy, states that "despite good press, 
the Hartley model remains hypothetical." Menger also 
states that several factors, including "the ease with which 
these shapes lend themselves to theoretical calculations" 
led to the popularity of this model.
Others, however, did not necessarily suscribe to the 
Hartley model. Philippoff7 envisioned the micelle to be 
partially hydrated, ionized double layers. Debye8 assumed 
that the micelle had a "sandwich structure" in which the 
charged heads make up the outer flat sides whereas the 
hydrocarbon tails make up its interior. He accounted for 
the finite size of micelles in solution of low ionic
5
strength by postulating that the electrostatic repulsion 
between the head group {hydrophilic) increased with 
aggregation number faster the van der Waals attractions 
{hydrophobic) between the hydrocarbon tails of the 
molecule. Debye predicted, and experiments substantiated, 
that there was a direct proportion between increasing 
aggregation number and increasing ionic strength. It is to 
be noted that Debye was emphatic in stating that his model 
was based on incomplete considerations.
QReich3 observed that the calculations based upon the 
Debye model predicted micellar sizes that were grossly 
incorrect. He pointed out that micellar size is a function 
of the free energy of the system and not of the energy per 
molecule that was used by Debye. Micellar growth is a 
function of the decrease in the number of independent 
surfactant molecules in the system. Thus, a resultant 
decrease in entropy of the system must also be considered. 
Reich's calculations were based upon his use of the Hartley 
model, and thus this model became part of the dogma of many 
surface chemists.
The controversies also extend to the nature of the 
micellar interior. Various investigators have reached 
nearly all conceivable conclusions. Shinitzky10 et al. 
using the fluorescence of 2-methyl anthracene as a probe, 
and Menger and Jerkunica11 using 13C spin-lattice 
relaxation times reported low micellar viscosities.
6
Pownall and Smith12 on the other hand, employing momomer 
and excimer fluorescence of a micellar pyrene probe 
concluded that the interior had a high viscosity. Dorrance 
and Hunter13 and Povich14 et al. concluded that the 
interior actually may be crystalline.
Menger6 notes that although nearly three thousand 
papers about micelles were published during the 1970's, a 
general understanding of their structure remains an elusive 
goal.
Nauman15 recalls that the questions regarding micellar 
structure that were pondered by the Debye Research Group in 
the 1940's are the same questions that are unanswered 
today.
Recently Van de Sande and Persoons16 employing radius 
of gyration and the volume of macromolecular structual data 
report that DDAB and DDAC micelles in aqueous sodium 
bromide behave as flexible rods. It is interesting to note 
that Debye and Anacker17 employing angular light scattering 
techniques, and Backus and Scheraga18 using flow 
birefringence techniques, came to that identical conclusion 
about micellar structure nearly four decades ago!
Gruen,19 using a statistical approach, tested several 
models for packing hydrophobic chains in amphiphilic 
aggregates and found that a bilayer arrangement is 
preferred over both cylindrical and spherical micelles. 
Dill and Flory,20 using a lattice model to investigate the
7
constraining effect of the hydrocarbon chains, reached the
conclusion that the micellar core due to severe space
limitations imposed upon the chains at that site may
actually be crystalline. Bendedouch21 et al. subjected
solutions of LDS micelles to small angle neutron scattering
and concluded that the micelles are prolate ellipsoids.
Bendedouch also claims that Dill and Flory's model is
compatible with his conclusions.
Some recent investigations have tended not to
speculate about the structure of micelles. Hautecloque et 
ooal. reported on salt effects on photoionization yields
and only mention possible interface models. Lianus et 
2 3al. J studied the solubilization of aromatic hydrocarbons 
by aqueous micellar systems and hardly refered to micellar 
models. They stated only that the surfactants used in 
their experiments gave small spherical micelles at low 
concentrations. Nagarajan et al.24 reported on the nature 
of the solubilized benzene environment in surfactant 
molecules and made no mention of overall micellar 
structure. Lindman et al.25 investigated micelle formation 
of anionic and cationic surfactants from Fourier Transform 
and 7Li NMR and, likewise, did not discuss micellar 
structure.
One notable exception has been Menger® who has 
developed a porous cluster micelle model. In this model, 
the hydrocarbon chains extend out from the micelle and
8
expose the hydrocarbon to the water. Menger claims that 
his model explains phenomena such as surface binding of 
compounds that are not soluble in water and also the deep 
penetrations of water into micelles. He and his 
coworkers 26'27'28 have published a number of articles 
which they claim lend experimental justification to the use 
of this so-called "Menger Micelle." This author, however, 
has not been able to find any general acceptance of this 
particular model. In fact Dill et al.2® employing NMR and 
small angle neutron scattering experiments to test various 
micellar models have concluded that there is unambiguous 
evidence that the cores are, in their words, "virtually 
devoid of internal water."
It is ironic that Menger6 himself has speculated about 
the reasons that different experiments lead to different 
interpretive conclusions. Micellar experiments are often 
done under varying conditions of ionic strength, pH, etc. 
Probes into the micellar interior often disturb the 
molecular environment, and thus conclusions may often be 
based upon the effects created by that particular probe. 
Evidence has also been accumulating that many organic 
molecules, such as benzophenone and bromobenzene, prefer to 
bond to the micellar surface rather than to the interior. 
Certainly, different conclusions about the nature of 
micellar structure would depend upon whether the organic 
additives preferred the interior or the surface of the 
micelle.
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B. Surface Chemistry and Surface Tension
A phase is generally defined as a homogeneous part of a 
system. A homogeneous region, according to Lewis and 
Randall,30 is
one whose properties are the same in 
all parts, or at least which vary
continuously from point to point; a 
system, in other words, in which there 
are no apparent surfaces of 
discontinuity.
In a two phase system, the molecules near the interface 
between the phases are in an environment which is somewhat 
different from the molecular environment in the bulk of 
either of the two phases. This region of contact between 
the two phases in which molecules of both phases interact 
is called the interfacial or surface layer. This layer, 
the boundary between the two bulk phases, is clearly a
transitional region. The properties of this region between 
the boundaries of the two bulk phases will vary. The 
concentration of the interfacial region, for example, will 
vary continously between the two limits. The molecules on 
the surface will also have a different energy than those of
the molecules that are in the bulk phase. An example is
the vapor-liquid equilibrium interface in which the
molecules at the surface experience fewer attractive forces 
from other molecules in the liquid phase than do those
10
molecules in the interior of the liquid phase. The surface 
molecules, thus, possess an energy greater than that of the 
molecules in the bulk of the liquid. Work would then have 
to be expended in order to increase the area of the 
interface because molecules must migrate from a lower 
energy state in the bulk phase to a higher energy state in 
the interface. Systems tend towards a lower free energy 
state and thus, towards a shape that has a minimal surface 
area. For this reason isolated drops of liquid assume 
spherical shapes.
The combined law of thermodynamics is
dU=TdS-PdV+(f^) dn,+ (f^-) dn2 d)
V3n’4,v,n2 V3n2/S,V,n,
for a system of constant composition. U, S, P, V, T, n^ 
and n 2 are the internal energy, entropy, pressure,
volume, temperature, and moles of the components of the 
system respectively. When surface effects are considered, 
this additional work is included by adding the term
tfdo (2)
in which d<r is the change in surface area and S is
the surface tension. In surface chemistry, then,
11
dU =TdS-PdV+jrd<r+f|^) d n ,+ (4 ^ )  dn2 , 3)
V3n^n„S,V,cr \a n »/n1,8,V,»
Chemists generally employ free energy as the criterion of 
spontaneity, thus
dG=VdP-SdT+jrd<r+(|fi') d n ,+ ( l^ -)  dn2 <4)
■ iyn2,T,P,cr ' 2/n„T,P,<r
A decrease in surface area in a system causes a decrease in 
free energy that will lend to a spontaneous process if T, 
nj_, and 1^2 are fixed.
The critical importance of the quantity, surface 
tension, t f has been emphasized by Adamson^1 who states 
that the three fundamental equations of surface chemistry 
are those of Young and LaPlace, Kelvin, and Gibbs.
All three of these equations include surface tension 
as a variable. The first two of these equations are 
employed when curved interfaces are studied. in 1805, 
LaPlace and Young^1 independently derived the pressure 
difference across a curved interface to be
12
AP=P>—P«= J (jr+jr) (s)
in which A P is that pressure difference across the 
membrane. R^ and R 2 are the radii of curvature which 
characterize a curved surface. The pressure difference is 
defined as the pressure within the drop or bubble, P1, 
minus the pressure outside the drop or bubble, P°. A 
spherical soap bubble has but one radius so the Young- 
LaPlace equation reduces to the more familiar
A p _ 2 A  (6)
n
Since the shrinking of a surface lowers the free energy, 
one might conclude that all bubbles would collapse! Since 
collapse is not generally observed, one concludes that a 
counter pressure must exist within the bubble. Since both 
surface tension and the radius are both positive 
quantities, AP, the excess pressure, must necessarily be 
positive. From simple observation, we see that bubbles 
have a marked tendency to expand!
It is shown in the second of the three equations that 
the free energy of a system is determined by the curvature 
of the system's surface. A thermodynamic development gives 




P is the observed vapor pressure over a curved surface
temperature. R again is the radius of curvature and V is
The third and most useful equation for this study is 
the Gibbs Equation: the justification for the particular
surface tension method employed by this investigator can be 
derived from the Gibbs Equation. Gibbs,^ in his immortal 
work, derived
in which d s is the change in the surface tension of the 
solvent that occurs when some surface active component is 
added, Tj is the surface excess concentration, dp^ is the 
change in chemical potential of any component in the 
system, and i stands for each component in the system. The 
most common form of the Gibbs Equation is the form which 
makes use of activities in a two component system
whereas P° is the normal vapor pressure at that
the molar volume. This equation is named in honor of 
Kelvin^ who, in 1871, first observed this effect.
dars-Ẑ dPi (8 )
r _ 1 3?
l2_ RT3lna2 ( 9 )
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where r 2 is the surface excess of the solute and a2 is 
the activity of the solute. The mole fraction, X2 , of the 
solute is often substituted for the activity provided that 
the solute obeys Henry's Law
f2 = KX2 (10)
in which f2 is the fugacity of the solute. A thermodynamic 
development gives the following equation when a solution 
obeys Henry's Law.
d In a2 = d In X2 (11)
The surface excess of the solute is defined as the
concentration of the solute in the surface minus its 
concentration in the bulk phase. When the surface tension
is plotted against the natural logarithm of the
concentration, the surface excess may then be calculated. 
An analysis of equation (11) leads to the conclusion that 
is positive when $ decreases with increasing solute
concentration and negative when S increases with 
increasing solute concentration. When the concentration of
15
surfactant added to a given solvent is increased, there is 
an initial sharp decrease of the surface tension followed 
by a lesser change of the surface tension with increasing 
concentration. The change of shape is relatively abrupt 
and this change in slope of the curve occurs at the 
critical micelle concentration of the solution.
Surface tension experiments provide an excellent 
method for determining both the critical micelle 
concentrations and for studying the surface effects of 
additives upon the surfactant solutions above the critical 
micelle concentration. It was for the latter of these two 
methods that a surface tension study was undertaken.
There are numerous methods for determining the surface 
tension of a solution. Among them are capillary rise,
maximum bubble pressure, drop weight, ring, and the 
Wilhelmy Slide. These methods are reviewed in detail by 
Becher34 and by Adamson.31
In this investigation, the ring method was employed to 
determine the surface tension of the surfactant solutions. 
Details of the method will be discussed in the next 
chapter.
C. Solubilization
Solubilization6 ,35 is perhaps the most important 
property of micellar solutions. Substances which are
16
normally almost Insoluble In a given solvent often become 
significantly more soluble in a dilute micellar solution of 
that solvent. Organic compounds are readily solubilized in 
aqueous micellar solutions. Ethyl benzene35, for example, 
is quite insoluble in water, whereas 5 grams of it will 
dissolve in 100 ml of a 0.3 M aqueous solution of potassium 
hexadeconate.
Solubilization is a process which results in a 
classical single phase system. This single phase final 
state distinguishes it from emulsification during which a 
two phase system is formed. A solubilized system is 
thermodynamically stable.
If the solubility of a normally insoluble compound is 
plotted against the concentration of a surfactant solution, 
one finds that the solubility below the cmc is similar to 
that of the compound in pure solvent. Above the cmc, 
however, the solubility increases markedly. 
Solubilization, then, is a micellar phenomenon, since it 
occurs only when a significant concentration of micelles 
exist. The solubilized organic compound is generally 
assumed to associate with or to be contained within the 
micelles themselves. It also seemed reasonable to assume 
that solubilization was in some manner related to the 
hydrophobic portion of the molecule. Harkins,35 and later, 
Venable37 and Brashier38 in this laboratory, demonstrated 
that there is an enhanced solubilization with an increase
17
in the monomeric hydrophobic chain length. Venable and 
Brashier also showed that the amount of solubilization of 
benzene by a series of quaternary ammonium bromides of 
equal hydrophobic chain length remained constant as 
monomeric head sizes were increased. These additional 
studies of Venable and Brashier further reiterated the 
principle that the amount of solubilization was indeed a 
function of hydrophobic chain length and also demonstrated 
that it was not a function of head size. Brashier also 
determined that the void space within the micelle increases 
as the head size increases. He also discovered that the 
cmc of a given surfactant decreases with increasing head 
size.
Once the phenomenon of solubilization was 
characterized, investigators attempted to determine the 
site where solubilization occurs in the micelle. As a 
first approximation, it was assumed that the organic 
material was solubilized in the hydrocarbon interior of the 
molecule. The investigations of the structure of the 
micelle and the site of solubilization have led to 
different conclusions by different investigators. 
Solubilization is a function both of the properties of the 
solubilized substance and of the surfactant of which the 
micelles are constructed. Solubilization, based upon these 
studies, may occur at a number of possible sites in or on 
the micelle. Since micelles are generally thought to
18
possess a non-polar interior and a polar surface, there is 
common agreement that non-polar solutes like normal alkanes 
reside in the micellar interior, whereas polar solutes, 
such as alcohols, tend to reside on the micellar surface. 
The previously mentioned controversy arises when there is 
an attempt to determine the solubilization site of 
aromatics, such as benzene and pyrene.
Eriksson and Gillberg39 measured the chemical shift of 
in the NMR spectrum of benzene solubilized in TTMAB and 
of benzene dissolved in water. They observed that the 
shift in the proton signal was nearly identical in both 
circumstances. They concluded that the solubilized benzene 
was located close to the micellar surface.
Rehfeld4® arrived at just the opposite conclusion. He 
used ultraviolet differential spectroscopy to study the 
same system. He compared the ultraviolet spectra of 
benzene in both polar and non-polar solvents to its spectra 
in TTMAB and SDS micellar solutions and concluded that the 
environments of benzene were similar to both cases. He, 
thus assigned benzene to the micellar interior.
Fendler and Patterson,41 employing pulse radiolysis to 
monitor hydrated electron attachments to benzene in 
micellar solutions, found that relative to the rate of 
attachment of an electron to aqueous benzene the rate of 
attachment of the electron associated with benzene was 
enhanced in the TTMAB solutions, whereas it was diminished
19
in the SDS solutions. They concluded that benzene 
solubilized on the micellar surface in TTMAB and in the 
interior of SDS.
Mukergee and Cardinal,42 using more sensitive probes 
than those of Rehfeld, determined that benzene in both SDS 
and TTMAC was subjected to a polar environment. They also 
determined that solubilized alkyl substituted benzene 
compounds became less polar as the sizes of the substituted 
alkyl groups increased. From these data, Mukergee
concluded that the solubilized benzene in these micelles 
was located at two sites, the nonpolar interior and the 
polar surface. Nauman and Goerner,42 in an unpublished 
work a decade earlier, arrived at this same conclusion. 
They subtracted the spectra arising from benzene dissolved 
in the aqueous layer and from an analysis of the remaining 
spectra, determined that benzene was solubilized both on 
the surface and in the interior of the micelle. Recently, 
Nagarajan24 et al. reinvestigated the solubilization of 
benzene in cetyl pyridinium chloride, dodecylammonium 
chloride, and sodium dodecyl sulfate. They calculated the 
micelle-water partition coefficients for different 
locations within the solubilizate and found the 
coefficients to have the same magnitude. They also 
concluded that benzene is situated both at the surface and 
in the interior of the micelles. Almgren et al.44 among 
others, observed that pyrene tends to solubilize to a
20
greater extent in cationic surfactants then in anionic 
surfactants. Almgren concluded that a weak interaction 
existed between the pyrene and the quaternary head group of 
the cationic surfactant. Lianos et al23 employed the 
photophysical techniques of pyrene flourescence lifetimes 
and excimer formation efficiency and concluded that the 
pyrene solubilization site in TTMAB was just below the 
micellar surface in the so-called palisade layer.
The goal of obtaining a simple model for the 
solubilization process as well as for micellar structure 
itself remains an elusive one. There are simply, as stated 
earlier, too many variables in the nature of the 
surfactant, the solubilized substance, and the micelles 
themselves which interfere with the development of such a 
model.
CHAPTER II 
MATERIALS AND EXPERIMENTAL METHODS
A. Preparation and Purification of Materials
The TTMAB used in the experiments was purchased from
the Aldrich Chemical Co. It was purified by repeated 
crystallizations from alcohol by the addition of ether. 
The additives, all reagent grade, were dried according to 
the instructions given in Perrin and Perrin4® and were
stored over diphosphorus pentoxide. The benzene and
cyclohexane, also purchased from Aldrich, were 
spectrophotometric grade solvents. The water used in the 
surface tension experiments was triply distilled according 
to Taylor's Method.4® The water used in the solubilization 
experiments was doubly distilled.
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B. Surface Tension Measurements
The purpose of this set of experiments was to 
determine the effect of various additives on the surface 
tension of TTMAB solutions. The concentrations of the 
TTMAB solutions were all above the cmc. The identity of 
the additives and the rationale for choosing them will be 
discussed in Chapter III.
The ring method was used to determine all of the 
surface tension measurements. Specifically, a Christian 
Becker chainomatic balance was used to determine the force 
needed to detach a platinum wire ring from a solution-air 
interface. The method was first developed by duNouy47 who 
assumed that the weight needed to dislodge the ring from 
the surface was the weight of the ring plus the surface 
tension multiplied by two times the diameter of the ring to 
be detached. Thus:
Wto te l= W r in g + 4 i r R » <12>
in which s is the surface tension and R is the diameter of 
the ring. Harkins and Jordan48 showed that the duNouy 
equation was an oversimplification. They introduced an 
empirical correction factor to account for the serious 
error. They also determined that the weight needed to 
detach the ring form the surface is linearly related to the
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surface tension of the solution. Thus:
v _  fF _  fmg
4trR 4irR (13)
in which F is the force exerted on the ring, m is the 
maximum weight of liquid raised above the free surface of 
the liquid, f is that correction factor which accounts 
both for the meniscus of the liquid and the dimensions of 
the ring, and finally, g is the acceleration due to 
gravity. It can be shown4® that the downward force exerted 
by the liquid upon the ring is equal to the corresponding 
upward force exerted when weights are added to the beam. 
Thus the surface tension is proportional to the added 
weight. This relationship can be drastically simplified if 
the same ring is used for all these experiments. All of the 
parameters, then, except m are constant, and the Harkins- 
Jordan equation becomes
S =km (14)
in which k=gf/4lTR . The value of k is determined by 
standardizing the surface tension measurements with triply 
distilled water for which the k value is known with great 
accuracy.50 Thus all the surface tension measurments in 
this work were based upon the frequent calibrations of the 
ring with triply distilled water.
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Since surface tension is a function of temperature, 
all solutions for which surface tensions were to be 
determined were placed in a glass bath, through which water 
at 30.00+0.02 °C was pumped.
Harkins and Jordan4® described the proper technique
for using the ring method. One aspect of the procedure
deals with the raising and lowering the platform upon which 
the bath rests. However, the balance used in this 
particular investigation could not be raised or lowered 
smoothly; hence, a different procedure was employed.
The balance arm was placed in the rest position while
the platform was carefully raised until the ring barely
made full contact with the surface. Weights were added to 
the beam, the beam mechanism was carefully released, and 
finally weight was slowly added by the chain until the ring 
pulled away from the surface.
In the usual kind of surface tension experiment the 
solvent evaporates. Thus the surface tension measurements 
change because the surface tension is a function of 
concentration. Hence, the investigator usually records a 
number of measurements as a function of time, back 
extrapolates to time zero and reports that result. The 
surface tension measurements have, thus, traditionally been 
indirect ones. In this study, the surface tension 
measurements were taken directly. This result was achieved 
by making use of an isopiestic procedure.®® In this
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adaption, a second thermostated glass water bath was placed 
inside the balance housing. A solution of potassium 
chloride of approximately the same ionic strength as that 
of the surfactant solution was poured into this bath. The 
same potassium chloride solution was also poured into the 
bath on the balance platform. The surfactant solution was 
poured into a weighing bottle. A weighed amount of
additive was also included. The bottle was then placed 
into the bath on the balance platform. The balance housing 
was sealed to prevent leaking of the vapor from the 
solutions. The vapor pressures (really fugacities) of the 
solvent in the solutions equilibrated in approximately one 
hour. The ring was carefully placed on the surface of the 
surfactant solution and the measurements were taken. At 
equilibrium, or more accurately the steady state, the 
ensuing surface tension measurements did remain constant.
This rather elaborate procedure was adopted in order 
to obtain the volume of each of the surfactant solutions. 
First, the bottle and the ring were weighed. After the 
surface tension measurements were taken, the ring was 
carefully dropped into the solution. The bottle was then 
reweighed. The weight of the solution was calculated by 
difference. A portion of the solution was poured into a 
calibrated pychnometer and also weighed. From this 
operation, the density of the solution was determined. 
From these values, the volume and hence the concentrations
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of surfactant and additive were readily calculated.
It was previously stated that triply distilled water 
was used as the reference state in surface tension 
experiments. Thus, the surface tension of this water was 
always measured before the surfactant and additive were 
poured into the bottle. Twenty five milliters of the water 
were added to the baths and to the weighing bottle which 
was placed in the platform bath. After thermal equilibrium 
was achieved, the surface tension of the water was 
measured. Thereafter, a volume of the surfactant and the 
weighed amount of additive were poured into the water in 
the manner described previously. Measurements were then 
taken after the system reached equilibrium.
All glassware and the platinum ring were cleaned in a 
concentrated hydrogen peroxide-sulfuric acid solution, 
copiously rinsed with triply distilled water and dried. 
Any glassware which still had droplets of water clinging to 
its walls was recleaned with the acid-peroxide solution and 
rerinsed.
C. Solubilization Measurements
The objective of this portion of the study was to 
determine the effect of given additives upon the 
solubilizing ability of TTMAB. Benzene was the organic 
compound selected to be solubilized.
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An aqueous solution of 0.0100M TTMAB was prepared by 
weighing the detergent on a five place Mettler balance and 
then dissolving the detergent in doubly distilled water. 
Doubly distilled water was used because the singly 
distilled water contained impurities. The concentration of 
this solution was approximately three time that of the 
critical micelle concentration for the surfactant. Ten 
milliliters of solution were used for each solubilization 
experiment. A weighed amount of a selected additive was 
transferred to each sample of the detergent solution. 
These additives did not quantitatively change the volume of 
the solution. Each resulting solution was poured into an 
ampule to which one milliliter of benzene was added. The 
solutions were then frozen in a mixture of dry ice and 
mineral oil. Each ampule was then placed under vacuum to 
eliminate any remaining benzene vapor. The ampules were 
then sealed with an air-natural gas torch. The solutions 
were then shaken for several days on a wrist-action shaker. 
Elevens51 has found that such solutions equilibrate within 
forty-eight hours. The formation of long lived emulsions 
was an unfortunate consequence of these shaking. In many 
cases, it took several weeks or even months for the 
emulsions to separate.
Two problems arise when one attempts to remove the 
detergent phase from the ampules. First, extreme care must 
be take to prevent any sudden jolt when the ampule is
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opened because an emulsion may easily reform. Secondly, it 
is very awkward to remove the solution from the top of the 
ampule, because the neck of the ampule must necessarily 
have a small diameter both in order to seal it and also to 
prevent any sudden impact upon opening it. The selection 
of any small necked ampule unfortunately precludes the use 
of any standard pipet; thus a capillary pipet would be 
needed. Furthermore, the pipet had to pass through the 
benzene layer in order to reach the surfactant layer. In 
order to circumvent these difficulities, a capillary was 
fused to the bottom of the ampule. The technique that was 
adopted to remove the detergent solution from the ampule 
was to have the solution flow through the capillary into a 
collecting vessel. The ampule was first secured to a 
stable laboratory rack, the .neck was then carefully broken, 
the capillary was then broken immediately, then the 
solution flowed out of the ampule. When this technique was 
used, the benzene phase remained undisturbed. A cork was 
then placed into the open neck of the ampule thus stopping 
the flow before the benzene was reiritroduced into the 
collecting vessel. This technique proved to be very 
satisfactory; only one sample emulsified when the ampules 
were opened.
A two milliliter portion of the detergent solution was 
added to a weighed amount of cyclohexane. The resulting 
system was reweighed to determine the weight of the
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detergent solution. These systems were then shaken on the 
wrist-action shaker for six to eight hours to ensure that 
all of the solubilized benzene was extracted with the 
cyclohexane layer. This time period had been shown to be 
satisfactory by previous investigators in this 
laboratory.37,3®'43 The absorbance of the benzene 
extracted into the cyclohexane layer was recorded by using 
a Cary 14 spectrophometer. In this manner, the amount of 
solubilized benzene in each system was quantitatively 
determined. A second portion of the detergent solution was 
poured directly into an absorbance cell. A layer of 
benzene was added to prevent any evaporation of solubilized 
benzene from the solution. The absorbance of this solution 
was also recorded by means of the same instrument. The 
benzene absorbance was recorded in the range from 280 
nanometers to 220 nanometers so that any spectral shift and 
other general characteristic of the spectra could be 
observed.
The amount of solubilized benzene was determined by 
using the familiar Beer-Lambert Law
A = acl (15)
in which A is the absorbance, a is the absorptivity in 
liters/gram centimeter, c is the concentration in 
grams/liter, and 1 is the path length of the absorption
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cell. Both the amount of solubilized benzene and the 
absorptivity of benzene in cyclohexane were determined from 
Beer-Lambert calibration curves.
The absorptivities of the surfactant solutions were 
also calculated from the Beer-Lambert Law. The amount of 
benzene was [see previous discussion] quantitatively 
removed by the cyclohexane extraction. Thus the 
concentration of benzene in the detergent solution was 
calculated.
All glassware used in these experiments was washed 
until it was scrupulously clean. The cleaning procedure 
was identical to that used in the surface tension
experiments except that doubly distilled water was used for 
the solubilization experiments, whereas triply distilled 
water was used for the surface tension experiments.
CHAPTER III
DATA AND DISCUSSION OF RESULTS
The purpose of this study was to determine the effect, 
if any, that a number of specially selected additives would 
have upon the surface properties of micellar solutions of 
TTMAB. The concentrations that were chosen for the TTMAB 
solutions were approximately two to three times greater 
than the cmc of 3.57xl0-2 M that was reported by Venable 
and Nauman.52 Electrolytic additives such as NaBr
significantly lower the cmc of both cationic and anionic 
surfactants by a factor of as much as ten. This effect has 
been extensively reported in the literature.52,54,55 
Similar results have also been reported in this
laboratory.27,25,42 The additives that were chosen for 
this series of. experiments were TTMAB, TEAB, TPAB, glycine, 
sarcosine, NNDMG, and betaine. The structural formulas of 
these compounds are given in Figure l . All of these 
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Figure 1 Structural Formulas of the Additives
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are similar to those of TTMAB monomers. The TTMA cation 
has three methyl groups in its cationic head structure. 
All of the quaternary ammonium halides possess four alkyl 
groups: TMAB has four methyl groups, TEAB has four ethyl 
groups, whereas TPAB has four propyl groups. All of the 
zwitterions with the exception of glycine have at least one 
methyl group in the positive pole of their molecules. 
Sarcosine, NNDMG, and betaine have one, two, and three 
methyl groups. The primary goal of this investigation was 
to determine if any of these additives would enhance the 
surface properties of TTMAB to an extent greater than the 
effect caused by familiar additives such as sodium bromide 
and potassium chloride. Sodium bromide and glycine were 
included in this study as controls so that effects 
generated by their inclusion into micellar solutions could 
be compared with any effect caused by the other additives 
in micellar solutions. 1
It was decided to measure the effect of these 
additives upon the surface tension and solubilization of 
micellar TTMAB solutions.
A. Surface Tension Measurements
Before this investigator initiated this study of 
additive effect upon the surface tension of TTMAB 
solutions, he took repeated surface tension measurements of
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the TTMAB solutions that were selected for this series of 
experiments.
The concentrations of the two TTMAB solutions were 
7.30xl0-3 M and 10.7xl0-3 M. The surface tension values 
that were determined for the 7.30xl0-3 M and 10.7xl0-3 M 
solutions were 40.2+0.2 dynes/cm and 39.5+0.2 dynes//cm 
respectively. The first value was identical to the value 
that was calculated by Venable, whereas the second value 
was slightly less than Venable's value.
The surface tensions of the micellar solution of TTMAB 
with included additives are given in Table I. Note that 
within experimental error the surface tensions of the 
solutions containing the quaternary ammonium halides are 
virtually identical, within experimental error, to the 
surface tension of the solutions containing sodium bromide. 
As expected, the surface tensions of all of these solutions 
were significantly lower than that of the pure TTMAB 
solutions. The surface tensions of the zwitterionic 
solutions however were, within experimental error, 
identical to those of the pure TTMAB solutions. The 
addition of these zwitterionic compounds apparently had no 
effect upon the surface tension of the solutions used in 
these experiments.
Equation (9) in Chapter II denotes the direct 
proportionality between the logarithm of the activity of 
the solute, and the surface tension of any solution. Under
35
TABLE I
SUMMARY OP RESULTS FROM SURFACE TENSION 
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the condition that the solution is dilute, namely that 
Henry's Law is obeyed by the solute, a concentration unit 
such as molarity can be substituted for the activity. 
Thus, in Figures 2, 3, and 4 the surface tension of each 
solution is plotted against the logarithm of the molarity 
of each additive for the 7.30xl0-3 M TTMAB solutions. In 
Figure 5, the identical procedure was used except that the 
TTMAB solution had a concentration of 10.7xl0-3 M. The 
surface tension experiments on the solutions containing the 
zwitterions were abandoned once it was established that 
there was no surface activity associated with them. These 
graphs further demonstrate that the effect of the 
quaternary ammonium halides upon the surface tension of the 
TTMAB solutions does not differ from the effect manifested 
by the addition of sodium bromide on such solutions.
In Equation (14), it was shown that the surface 
tension of a solution is proportional to the weight added 
to the balance beam needed to displace the ring from the 
solution, in order to calculate the actual surface tension 
of the solution, two such measurements are needed, the 
weight needed to displace the ring from both the triply 
distilled water and the surfactant solution itself. 
Repeated measurements were take to determine both of these 
values. The error in these series of measurements was 
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Figure 2 Surface Tension vs the Negative
Logarithm of the Concentration of NaBr 
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Figure 4 Surface Tension vs the Negative
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Figure 5 Surface Tension vs the Negative
Logarithm of the Concentrations of 
TMAB, NaBr, and Betaine in 
Approximately 0.0107M TTMAB
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Equation (14) is equal to 31.18 dynes/gram centimeters50 at 
30.00+0.02 °C divided by the weight needed to displace the 
ring from triply distilled water, whereas m is the weight 
needed to displace the ring from the surfactant solution. 
The surface tension of a solution, then is calculated by 
dividing these two experimentally determined values. The 
errors in these two measurements are added according to 
standard procedures56, so that the error in the measurement 
may be determined. The error in the determination of the 
concentration of each solution was calculated in a similar 
manner. The volume of the pychnometers used in the study 
were calibrated against the densities of water given to 
five places in the literature.50
B. Absorbance Measurements
In this set of experiments benzene was solubilized in 
solutions of 10.0X10-3 M TTMAB. These TTMAB solutions 
contained the same additives that were discussed in the 
previous section. The concentrations of the various 
additives were chosen to be 2.00xl0-3, 4.00xl0-3, 6.00xl0-3 
and 8.00xl0-3 M respectively. It was stated in Chapter II 
that the absorption of benzene was measured in the aqueous 
TTMAB solution and also in the cyclohexane solution that 
contained extracted benzene. The spectra obtained from 
measuring the aqueous TTMAB solution was examined for any
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spectral shift and for any other spectral difference which 
might have been caused by introduction of one or another 
additive. The amount of benzene dissolved in the micellar 
solution was determined by means of the spectral analysis 
discussed in Chapter II. The amount of benzene that was 
actually solubilized was calculated by subtracting the 
benzene that was dissolved in the aqueous phase from the 
total amount of benzene that was dissolved in the system. 
The use of this procedure was justified by Nauman and 
Goerner.43 They observed that not only was the wavelength 
of the maximum absorption peak constant for solubilized 
benzene in six cationic detergents but also that the peak 
to valley ratio for the maximum absorption peak of benzene 
was nearly a constant. Thus they concluded that the 
aqueous benzene could indeed be subtracted from the total 
amount of dissolved benzene. Arnold et al.57 found that 
the solubility of benzene in water at 30.0 °C was 1.77+ 
0.02 g/L. Venable37 repeated the measurements and
reconfirmed this value.
In Figure 6, the spectrum for a saturated solution of 
aqueous benzene is given. The wavelength of maximum
absorbance is 253.7 nanometers.
In Figures 7, 8, 9, and 10, representative spectra
obtained from four of the micellar solutions are given. In 

























































Figure 10 Spectrum of -Benzene in 0.0100 Mand 0.0400M NaBr
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TABLE II
WAVELENGTH OF MAXIMUM ABSORPTION PEAK 
FOR MICELLAR BENZENE IN 0.0100 M 
TTMAB SOLUTIONS CONTAINING THE 
VARIOUS ADDITIVES
Wavelength of Maximum Absorption Peak in Nanometers
Additive Concentrations of Additives




TMAB 254.8 254.8 255.0
TPAB 254.8 254.8 254.8
Glycine 254.6 254.6 254.6 254.6
Sarcosine 254.6 254.6 254.6 254.6






the micellar solutions are presented. The maximum 
wavelength of absorbance of aqueous benzene is given for 
comparison. These values which were determined for the 
TTMAB solutions containing additives are identical to those 
discovered by Goerner4  ̂ for benzene solubilized in eight 
pure cationic surfactant systems. These particular 
wavelength absorbances are the accepted values, according 
to Goerner, for benzene solubilized in aliphatic 
hydrocarbon.
In Table III, the amount of solubilized micellar 
benzene in each system is given. The solubilizing power of 
each system is also given. Solubilizing power is the molar 
ratio of the number of moles of solubilizate benzene to the 
number of moles of surfactant. The value for the
solubilizing power given for the pure TTMAB solution is 
also compatible with Goerner's results.
The spectra of all the aqueous solutions of TTMAB and 
additives were recorded at a scan speed of one 
nanometer/second. As previously discussed, these spectra 
which were obtained at the slow scan speed were carefully 
examined for any additional spectral shift or general 
characteristic that might be caused by the presence of an 
additive in the system. No such difference was found 
during the analysis of any of the spectra. In other words, 
the spectral characteristics of the solubilized benzene
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TABLE III
SOLUBILIZATION RESULTS FOR 
THE SOLUTIONS OF 0.0100 M TTMAB 











TMAB 4.00 2.46+0.06 3.15
6.00 2.79+0.06 3.57




TPAB 2.00 2.37+0.05 3.03
6.00 2.97+0.06 3.80
8.00 3.12+0.05 3.99
NaBr 4.01 2.79+0.06 3.57
8.00 3.33+0.06 4.26
Glycine 2.00 0.84+0.04 1.08
6.00 0.90+0.04 1.15
8.00 0.90+0.04 1.15
Sarcosine 4.00 0.75+0.04 0.96
6.00 0.99+0.04 1.27
8.00 0.90+0.04 1.15









were independent of the presence of any additive in the 
system.
For any future reference, the absorptivities for the 
maximum peak heights of solubilized benzene in the solution 
containing the additives are given in Table IV.
Distinct trends are revealed when the surface tension 
and solubilization data obtained in this study are 
compared. Quaternary ammonium halide solutions of the same
concentrations have solubilizing powers which in some
circumstances are similar, and in other circumstances, the 
solubilizing powers are identical. A comparison of the 
solubilizing powers of the sodium bromide and the
quaternary ammonium halide solutions reveals that the
sodium bromide solutions solubilize benzene to a somewhat 
greater extent than do those solutions containing 
quaternary ammonium halides. The surface tensions of the 
quaternary ammonium halide solutions and of the sodium 
bromide solutions, on the other hand, are nearly identical. 
The zwitterionic solutions, however, exhibited very little 
if any solubilizing power when compared to that of the pure 
TTMAB solution. The exceptions were the NNDMG solutions 
which had solubilizing powers somewhat greater than that of 
the TTMAB solution. The glycine solutions appeared to have 
negative solubilizing powers. None of the zwitterionic 
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In summary, the addition of quaternary ammonium halide 
or sodium bromide to any of these surfactant solutions 
produced essentially the same quantitative effect; a 
lowering of the surface tension and an enhancment of the 
solubilizing power of the solutions. The one deviation 
from this trend is that the solubilizing power of sodium 
bromide solutions is somewhat greater than that of the 
quaternary ammonium halide solutions. The addition of 
zwitterionic compounds to these solutions, with the one 
exception noted above, produced no enhanced effect on the 
magnitude of the surface properties measured in these 
experiments.
The uncertainties that were reported in this 
solubilizing study were obtained by the following analysis. 
The Beer's Law calibration curve was plotted by utilizing a 
least square polynomial generation. The spectrum of each 
sample was recorded at least four times. The absorbances 
for all the maximum peak heights were added and then 
divided by the number of times that the spectrum was 
recorded. This average value was taken to be the 
absorbance of that solution. Each of these spectra was 
examined for deviations from that average. The largest 
single deviation of a maximum peak height from that average 
was considered to be the error for that absorbance. The 
concentration of benzene in each solution was determined
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from the Beer's Law plot. The concentration of aqueous 
benzene was subtracted from that value. The error in each 
step of this process was added to determine the reported 
error. The magnitude of the error that was reported for 
the concentration of micellar benzene in the quaternary 
ammonium halide and sodium bromide solutions was +2%. This 
is the identical error that was reported by Goerner43 who 
developed this method. The relative error associated with 
the zwitterionic solutions was somewhat higher. The 
solubilization values of the zwitterionic solutions were so 
much lower than those of the quaternary ammonium halide and 
sodium bromide solutions that the larger error made no 
difference in the analysis of these systems.
CHAPTER IV
SUMMARY AND CONCLUSION
This research project commenced with a question. It 
has been well known for many years that the addition of 
electrolytic salts to micellar solutions enhance the 
surface properties of the solutions. Suppose that 
additives, however which have structural similarities to 
micelle monomers, are introduced into micellar systems. 
Would these additives actually join with the micelles and 
by so doing change the properties of the micellar system 
itself? A large number of experiments were designed in 
order to answer this question. In these experiments,
micellar solutions of TTMAB were prepared. A weighed 
sample of one of these additives which had a structure 
similar to that of TTMAB was introduced into the system. 
The surface tension and solubilization of these solutions
57
58
were measured. Samples of other weights were introduced 
into other samples of the TTMAB solutions. The results of 
these experiments were then analyzed in the hope that the 
question which led to the initiation of this research could 
be answered. The additives that were selected for this 
study were the quaternary ammonium halides; TMAB, TEAB, and 
TPAB, and the zwitterionic compounds; glycine, sarcosine 
NNDMG, and betaine. Sodium bromide, the effects of which 
in surfactant solutions were well documented, was chosen to 
be the additive with which the others could be compared.
An isoplestic technique for measuring the surface 
tensions of the solutions was devised. By employing this 
technique the surface tensions of the solutions could be 
measured directly. One of the particular advantages for 
adopting this technique was the excellent reproducibility 
of the results. In surface tension studies, it is 
customary to plot the surface tension against the logarithm 
of the concentration of the surfactant. A pychnometric 
method was also devised so that the concentrations of 
solutions the surface tensions of which were being measured 
could be determined. Of course, once the volume of the 
solution was known, the additive concentration was readily 
calculated. The effects of identical concentrations of 
quaternary ammonium halides upon the surface tension of 
micellar TTMAB solutions were virtually equivalent to the 
effects caused by sodium bromide on the same TTMAB
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solutions.
In the solubilization study, there was adopted a 
technique whereby an aliquot of the micellar solution, a 
weighed sample of additive, and the solubilizate benzene 
were sealed in a glass ampule and allowed to equilibrate. 
A technique was developed so that the solution containing 
the solubilized benzene was able to flow from the ampule. 
The spectrum of each solution was recorded by means of a 
Cary 14 Spectrometer. All of these spectra were examined 
for any possible shift. The peaks of all these solutions 
were equally shifted to the assigned wavelength of the 
maximum peak of benzene in hydrocarbon. A second portion
of the solution was extracted into cyclohexane. There was 
devised a method by means of which the concentration of
benzene in the extracted solution was determined. The
aqueous benzene was subtracted from the benzene in the
solution. Thus the concentration of micellar benzene was 
calculated. The trends in the solubilization data for the 
quaternary ammonium halide solutions were the same as the 
trends that were found for the surface tension data. 
Micellar solutions that have equal concentrations of 
quaternary ammonium halide exhibited essentially the same 
solubilization power. The TTMAB solutions containing 
sodium bromide, however, solubilized benzene to a greater 
extent than did the quaternary ammonium halides. The 
zwitterionic compounds, with the exception of NNDMG, when
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added to micellar solutions, again demonstrated no surface 
activity. It may be concluded that, contrary to the 
initial question posed in this research, the enhanced
surface effects of the micellar solutions containing 
quaternary ammonium halides may be attributed to the salt 
effect. Equal concentrations of TMAB, TEAB, and TPAB all 
had virtually an identical effect on the measured surface 
effects of the surfactant solutions. Further evidence in 
support of this conclusion is that the surface tensions of 
the same concentrations of sodium bromide solutions are 
nearly equal to those surface tensions of the quaternary 
ammonium halide solutions of equal concentrations. There is
offered no explanation for the enhanced solubilization
power of sodium bromide when compared to the solubilizing 
powers of the quaternary ammonium halide solutions. The 
lack of surface activity of the zwitterions was something 
of a surprise. This phenomenon however may also be used as 
added evidence to support the conclusion that the enhanced 
surface activity of the quaternary ammonium halides is due 
to the salt effect. The zwitterionic compounds are
composed of polar molecules whereas the quaternary ammonium 
halides are true electrolytes. Salt effects are caused by 
electrolytic compounds.
A possible explanation for the enhanced solubilizing 
power of NNDMG as compared to the other zwitterionic 
additives is that the NNDMG used in this research has a
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hydrochloric acid unit chemically bound to each NNDMG 
molecule. A possible partial ionization of the molecules 
is possible and there would be a salt effect which causes 
an enhanced solubilization in the solution. This 
explanation however is not applicable to the surface 
tension data for the NNDMG solutions.
The conclusions that were drawn upon the termination 
of this research were not the ones that were anticipated 
when this investigation began. This investigator would be 
remiss, however, if he did not mention some future research 
projects that could be suggested by this work. The same 
analysis could be performed on other cationic surfactants 
such as dodecyltrimethylammonium bromide. Surfactants such 
as DDAB, which has two hydrocarbon chains in its monomers, 
should also be investigated for any effect of these types 
of additives upon its surface properties. The 
concentration of additives could also be dramatically 
increased to determine whether the trends observed from 
additive effect might be different under these conditions. 
Anionic surfactant solutions in the presence of additives 
structurally similar to the anion monomer could also be 
investigated. The cmc of all additive solutions needs to 
be determined.
Another investigation about micelles has been 
concluded. No questions concerning the structure of 
micelles have been answered. Perhaps Lippard,58 when
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writing in a different context, stated the situation the 
best.
As with the Holy Grail of Medieval 
legend, the joy has thus far been in the 
searching. For although [these objectives] 
have not yet been achieved, there have been 
some delightful findings along the way.
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